Thermal properties of duck fatty liver (foie gras), foie gras emulsion and fatty liver fat, as well as regular duck fat, were determined as a function of temperature. Density of foie gras and foie gras fat and emulsion at 20°C was measured as 947, 836, and 928 kg/m 3 , respectively. Differential scanning calorimetry thermograms for foie gras fat resulted in melting points ranging from -20 to 40°C. Values for the specific heat at 65°C for the fatty liver, its emulsion and fat, and duck fat were 1.79, 2.38, 1.71, and 2.48 J/g°C, respectively. Thermal conductivity of foie gras (organ) and its emulsion at 40°C was determined as 0.330 and 0.428 W/m°C, respectively. Mathematical models based on composition and temperature were developed for all the thermal properties obtained in this work.
Introduction
Foie gras is a specialty product made from the fatty liver of ducks and geese that have been overly hand fed. This product can be consumed as a spread or sliced directly from the fatty liver organ, or else in an emulsion form ("bloc") which is made of ground fatty liver, water, and spices. One of the main problems of the foie gras canned products during sterilization is the high amount of fat melting during heating. In France, where the product is quite popular and considered a cultural heritage, the quality of the product is paramount and thus it has been established that the fat loss during cooking or heat treatment must be less than 30% for the product to keep its denomination of "foie gras." [1] Thermal properties play a major role in food process design, they are an important part in the process modeling and evaluation, especially those involving heat transfer. If more accurate heat transfer data is available, then more efficient processes can be developed, saving energy and, at the same time, assuring a better quality and safety of the product. [2, 3] During sterilization, convection heat from the heating fluid in the retort penetrates the can and is transferred inside it by conduction. The typical equation representing thermal transfer inside the can during sterilization is based in Fourier's law of heat conduction and includes three intrinsic properties: density, specific heat, and thermal conductivity of the product. [4] Sweat [3] showed that water content has a marked impact on thermal conductivity of meat products, as well as of fats and oils, for which if the product is composed just by pure lipids, values reach only 0.2 W/m K, while when having 90% of water in an emulsion, these values can be as high as 0.6 W/m K. Pham and Willix [5] studied the thermal conductivity of lamb fat, liver, meat, and other organs, being their thermal conductivity in the range from 0.390 to 0.497 W/mK for the muscles, while a lower value of 0.219 W/m K for lamb fat. In a work done on cheddar cheese, Marschoun et al. [6] indicated that both thermal conductivity and specific heat increased with moisture and protein concentration but decreased with fat content. Marcotte et al. [2] presented correlations with temperature for thermal properties of different processed poultry products with different moisture and fat contents. The thermal conductivity of these products increased with temperature, showing a linear behavior after 60°C. As well, Elansari and Hobani [7] reported a linear increase of thermal conductivity of different types of meats with moisture content and temperature. For the specific heat of the processed meats, the relationship with temperature became linear only between 35 and 80°C with similar slope values for different types of meat. [2] Density values for duck foie gras or its derivative products were not found in the literature, but some data has been published for similar meat products. Marcotte et al. [2] found that for several cooked poultry emulsions with a fat content of above 20%, density ranged from 967 to 1067 kg/m 3 . Michailidis et al. [8] reported a review of several density values from different authors, where the density of animal fat presents values of 920-957 kg/m 3 while the animal muscle presented higher density values, in the range of 984-1080 kg/m 3 . Mathematical models developed for specific heat of foods are simple due to the fact that a prediction with high accuracy can be made knowing just the proportion of water. [3] Prediction of thermal conductivity, however, requires more complex models taking into account temperature, composition and, sometimes, other parameters such as fiber orientation and air volume fraction. [8] Choi and Okos [9] developed a general model that predicts with enough accuracy the most important thermal properties of foods involved in processing. [3, 6, 10] On the principle that the average property can be calculated as the sum of the individual thermal properties of compounds present in the food (i.e., water, proteins, carbohydrates, lipids, fibers, and ashes) multiplied by its mass fraction, this model takes into account the effect of temperature from second degree polynomial correlations of the individual compounds as a function of temperature. [9] Thermal properties of foie gras are of capital interest in order to properly design a thermal process that keeps the quality of the product (e.g., does not over melt the fat) but at the same time ensures its safety. No published data for thermal properties were found for foie gras or their by-products. The main objective of this work is thus to determine the thermal properties such as density, specific heat, and thermal conductivity of foie gras (organ and by-products), and to develop simple mathematical relationships to represent them from already published models.
Materials and methods
Foie gras (fatty liver organ), foie gras emulsion, and duck fat samples were obtained from a Quebec (Canada) local producer. Barbary ducks were manually overfed by trained handlers. They were slaughtered in a provincially inspected establishment (Ministère de l'agriculture des pêcheries et de l'alimentation du Québec). Feathers were removed, one bird at a time, using a horizontal rotary system (Plumex 2005, Pujol, Mirande, France) to avoid damaging the liver. Liver was removed and chilled overnight at 4°C before being processed. Duck fat was industrially produced in large containers where the fat melted from overfed duck parts was collected. Products were randomly obtained from six to ten different lots; whole foie gras and foie gras emulsion were obtained raw.
Samples were maintained at 4°C until arrival to the laboratory, where they were divided in smaller sample sizes, placed in sterile plastic bags and stored in a freezer at -20°C until needed. In addition to the regular duck fat bought from a local producer as described above, fat from foie gras was separated from the fatty liver organ by placing a piece of it in a glass funnel over a beaker, and letting the fat to drain during heating in an oven at 80°C for 10 min. The frozen samples were thawed in a refrigerator at 4°C for 24 h before analysis; all the samples were analyzed at least in duplicate. Results in tables are presented as mean value ± standard deviation.
Product composition
For water content determination, samples to be freeze-dried were weighed and transferred to freezeresistant sealable bags, and then subjected to freezing to -40°C for 24 h. Frozen samples were then placed in the chamber of a VirTis Advantage EL85 Freeze Dryer (SP Scientific, Warminster, PA) under vacuum at a pressure below 50 kPa, during 72 h. Samples were weighed after the process; the difference in weight before and after freeze-drying divided by the freeze-dried mass was taken as the water content in dry basis.
Fat content was analyzed with a Soxtec 2050 (Foss Analytical, Denmark) fat extraction system under the hood. Approximately 0.25 g of the freeze-dried sample was weighed into cellulose crucibles; the sample was then transferred to an oven at 100°C for at least 2 h to eliminate any residual water that could interfere with the results. Aluminum cups (previously dried) were also weighed; the fat was recuperated in these cups after the process. The magnetized crucibles were inserted in the support of the Soxtec, where 90 mL of ether was poured into the aluminum cup. Ether boiled in the apparatus for 30 min and then the sample was rinsed for another 30 min, until all the ether was evaporated. The fat was extracted with the ether phase, and at the end of the process was left in the aluminum cup. The aluminum cup was dried in an oven and cooled in desiccators before taking the final weight. The fat content was calculated using:
where W C+F is the weight of the cup and the extracted fat; W C is the weight of the cup; and W s , the weight of the sample. The quantity of proteins was determined by the Dumas combustion method as reported in bibliography; [11] using a Tru Spec N apparatus (LECO, St. Joseph, MI, USA). For this analysis, the freeze dried, fat-free sample was used. The sample was totally combusted and the total nitrogen was determined, the protein content was then calculated multiplying the nitrogen amount in the sample by 6.25 (protein conversion factor).
Fatty acids profiles of foie gras and duck fats were obtained by a gas chromatography coupled to a flame ionization detector (GC-FID). Before the analysis, the sample was completely melted at 55°C and filtered through a No. 1 Whatman filter paper to remove other component traces. The filtered sample was placed in a freezer at -18°C until their preparation in form of methyl esters of fatty acids. The sample profile was compared to a standard that was composed of a mix of different methylic fatty acids #GLC-607 (Nu-Check Prep., Elysian, MN). The peak areas of methylic fatty acids were corrected to express the contents in fatty acids. The analysis was made in duplicate and the average variation coefficient was 1.2% (±0.02 g/100).
Density (ρ)
A density determination kit based on the "Archimedes principle" (weighing the sample in air and in a reference liquid) was used with a balance AT 250 (Metler Toledo). The sample was covered with a thin wax film to waterproof the sample when the weight was taken in the reference liquid (water). This also avoided air bubbles to get into the sample. The sample was first weighed in "air," and then it was transferred to the density kit that helped to determine the weight in "water." The temperature of the distilled water was also measured. The density was calculated at 20°C with Eq. (2):
where A and B are the weights of the sample in "air" and "water," respectively, and ρ 0 , the density of the auxiliary liquid (water) at the temperature of the measurement.
Specific heat (Cp)
Differential scanning calorimetry (DSC) was performed with a Pyris 1 calorimeter (Perkin Elmer, Waltham, MA). Calibration was made with indium. Samples (30 to 50 mg) were placed in highpressure stainless steel capsules and were tightly closed to avoid sample leakage during the test. The temperature range of the test was -50 to 70°C so all the melting peaks of the fats could be determined. Samples were heated at 5°C min −1 . An empty capsule was used as reference (air). Thermal curves were analyzed to obtain the specific heat with Eq. (3):
where H is the height of the heat flow curve respect to the baseline at a specific temperature, m is the mass of the sample and hr is the scanning heating rate (5°C/min). Liquid fat fraction (LFF) is the amount of fat that has already melted at a certain temperature and thus, the solid fat fraction (SFF) is obtained by subtracting LFF to the unit. Miller et al. [12] were among the first to integrate the area under the DSC scanning curves to obtain the solid fat percentage. In the present work, the solid-liquid fat ratio was calculated integrating the melting region of the duck and foie gras fats thermograms. The total melting area is defined as the area under the curve of heat flow versus temperature integrated from the onset of the first melting peak to the final melting temperature. This area was calculated with the trapezoid rule. The different fractions were calculated as the areas integrated up to different temperatures inside the total melting area. Thus, the fraction at different temperatures was then calculated dividing each area by the total melting area. A third order polynomial was fitted to calculated LFF and SFF values in order to predict them as a function of temperature.
Thermal conductivity (k)
Thermal conductivity measurements were performed with a probe KD2 Pro (Decagon Devices, Pullman, WA), which contains a heater and a temperature sensor. When the probe is inserted into the sample, an electrical current passes through the heater and the change of temperature close to the heat source is registered over time, the analysis of temperature change versus time data was used to determine thermal conductivity. The TR-1 probe (2.4 mm diameter × 100 mm long) was used for this particular measurement. The sample was transferred to a plastic tube (26 mm inner diameter × 115 mm long). Temperature of the sample was controlled putting the sample in a recirculating bath (Fisher Scientific, Pittsburg, PA) at 5 to 70°C. Samples were left at least 10 min to reach equilibrium temperature. The water recirculation was turned off while the measurement was being taken to avoid losing sensibility in the test. Three measurements were done at each temperature. Measurements with 0.01% (or more) of error were discarded.
Property modeling and prediction
The mathematical prediction of the thermal properties for the fatty liver (organ and by-products) was done as a function of composition and temperature using model proposed by Choi and Okos: [9] v ¼
where v represents the property to be predicted (k, Cp, or ρ), v i is the property of individual component i (i.e., water, proteins, carbohydrates, lipids, fibers, and ashes) as a function of temperature, and X i is the mass fraction. Composition required for Eq. (4) was obtained experimentally as explained before. In the particular case of the prediction of thermal conductivity, the model presented in Eq. (4) was used with the volume fraction of component i (X V i ) instead of mass fraction (X i ), since thermal conductivity is also affected by-product density. [9] Volume fraction was estimated by dividing the mass fraction of the component i by its density at the specified temperature. Then this fraction was divided by the total density of the product. The individual models for prediction of water, protein, carbohydrates and lipids properties as a function of temperature, required for Eq. (4), were taken from. [9] In the particular case of predictive models for individual properties of lipids, correlations as a function of temperature were also developed from the experimental data obtained in this work, through a second degree polynomial regression:
where v f means the specific property for lipids; a o , a 1 , and a 2 are the regression constants; and T is the temperature (°C). Different regressions were obtained for lipids in "liquid" and "solid" states. Accuracy of the prediction was evaluated by comparing experimental values to mathematical models using Eq. (4) with lipid individual properties taken from [9] or with regression equations from experimental data (Eq. [5] ).
Results and discussion
Product composition Table 1 shows the composition of foie gras, foie gras emulsion, duck and foie gras fats. The 3-5% missing to complete 100% in the composition of foie gras and foie gras emulsion, is supposed to be composed of carbohydrates, and ashes to a lower extent. [13] The difference between the values of foie gras and foie gras emulsion can be explained by the formulation of the latter, which has added water. The values obtained for foie gras in this study are within the ranges presented in Rukke et al. [14] which are 41.90-64.80% of lipids, 5.39-15.07% of proteins, and 61.41-74.52% of dry matter. Theron et al. [11] found for duck foie gras a percentage of protein of 7.49 ± 0.75 and values for lipids and water of 56.7 ± 3.7 and 30.1 ± 0.28, respectively, which are very close to the values in Table 1 . In Tremoulet et al., [15] similar values for total lipids in foie gras were reported. Figure 1 shows an example of fatty acid profiles obtained in this work. A compilation of the fatty acid compounds of foie gras and duck fats is presented in Table 2 . The main fatty acids present in foie gras and duck fats are unsaturated. As Table 2 shows, oleic acid is predominant in both profiles with more than 50% of the total fatty acids, followed by saturated palmitic acid that is 28.1% for foie gras fat and 26.1% for duck fat. One of the biggest differences in these profiles is the percentage of linoleic acid, being present only 0.9% in the foie gras fat while a total of 9% in the duck fat. An analogous comparison between fatty acid profiles in foie gras and other fatty tissues of duck and geese was found in Salichon et al. [16] Rukke et al. [14] presents a similar profile for foie gras fat, while Pereira et al. [17] obtained similar results for the fatty acids in the duck fat. Cobos et al. [18] characterized the fatty acid profile of leg, breast and liver of wild ducks, finding more (45.1% w/w) saturated fatty acids in liver than in the breast (35.1% w/w) and leg (31.1% w/w). The USDA National Nutrient Database [19] reported for duck fat, a total value of 33.2 g/100 g for saturated fats, 49.3 g/100 g of monounsaturated fats and 12.9 g/100 g of Table 1 . Composition (w/w) of duck foie gras and sub-products.
Product
Water Lipids Protein Foie gras 30.9 ± 1.7 57.1 ± 5. polyunsaturated lipids (in our studies, values of 33.2 g/100 g for saturated fats, 57.6 g/100 g of monounsaturated, and 9.3 g/100 g of polyunsaturated lipids were obtained).
Density
Density values for foie gras (organ), foie gras emulsion, and the fats of duck and foie gras at 20°C, from experimental data (calculated with Eq. [2] ), are presented in Table 3 . From Table 3 it can be noted that pure fats (duck or foie gras) have, as expected, lower density than foie gras (organ or emulsion). Duck fat density presents a slightly higher value than foie gras fat; this could be explained because density is higher if the lipid is composed of unsaturated fatty acids (see Table 2 ). The complexity of the fatty acids (i.e., chain size of fatty acid) also plays a role in the density of the lipid. [20] The high content of fat in foie gras products makes their density lower than for poultry products such as cooked emulsions or animal muscle, for which density ranged from 967 to 1067 kg/ m 3 and 984 to 1080 kg/m 3 , respectively. [2] Predicted density values using Eq. (4) and composition fractions from Table 1 , where lipid individual density at 20°C was estimated from general correlations found in Choi and Okos [9] or directly taken from experimental data for fatty liver lipid density obtained in this study. The use of the experimental value of foie gras lipid density (836 kg/m 3 ) improved the predictions for foie gras (organ and emulsion) density values, decreasing the error in the prediction from 6-7% to less than 2.5%.
Specific heat and DSC
A sample of the thermograms for foie gras and its by-products from -50 to 70°C is shown in Fig. 2 . It can be noted that thermograms of foie gras (organ and emulsion) present a similar thermal behavior showing important peak approximately at 0°C, which is the melting point of ice. In Fig. 2 , four to five melting peaks were observed in the thermal histories of both fat types, melting starting approximately between -30 to -25°C, but finishing at 55 and 45°C for duck and foie gras fats, respectively. It should be noted that oleic acid, the main fatty acid found in duck and foie gras fats ( Table 2) , has a melting point of 13.3°C. [21] LFF was calculated as a function of temperature for both fat products (Fig. 3) . Melting for duck fat occurs in a larger spectrum of temperatures than the foie gras fat. A third order polynomial was 
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Duck fat Figure 2 . DSC for foie gras and by-products in the temperature range of -50 to 70°C. fitted to the calculated data values to predict these fractions at different temperatures; Eqs. (6) and (7) represent these relationships (R 2 = 0.9983 for foie gras fat and 0.9985, for duck fat):
where LFF fgf the LFF of foie gras fat and LFF df , of duck fat. T is the temperature (°C). From the thermograms shown in Fig. 2 , the specific heat of foie gras and by-products was calculated by using Eq. (3) before any sign of lipid melting appeared in the thermogram, and when the heat flow was again constant (this is after melting peaks disappeared from the graph). Figure 4 shows the Cp values of foie gras and by-products at different temperatures. As can be seen from this figure, Cp values of foie gras emulsion are higher than those for whole foie gras. For instance, at temperatures higher than the melting values, Cp of foie gras was in the range of 1.90-2.0 J/g°C, while for the emulsion, between 2 and 2.25 J/g°C. Marschoun et al. [6] showed that specific heat of Cheddar cheese increased with moisture and protein concentration but decreased with fat content. The higher values found for the Cp of foie gras emulsion, were probably due to the 10% higher water content than the value for foie gras (organ; Table 1 ), although its lipid content was lower by 6%.
Cp for foie gras fat ranged from 1.57 to 1.71 J/g°C, while the values for duck fat covered a wider range from 1.46 to 1.98 J/g°C. Kasprzycka-Guttman and Odzeniak [22] reported Cp values for several oils and fats. They found that the specific heat of olive oil (whose main constituent is oleic acid, the same as foie gras and duck fats) had a value of 2.079 J/g°C at 70°C which is in agreement to values found in this work.
In order to develop a mathematical relationship for the Cp of foie gras (liquid and solid fat), Eq. (5) was fitted to experimental data before the melting peaks start (solid fat) and after the last melting (liquid fat). Table 4 shows the regression constants obtained from this fitting, together with regression constants values for the other compounds. [9] Specific heat for foie gras (organ and emulsion) was then predicted at different temperatures (before and after melting of lipids), from the Choi and Okos [9] model (Eq. [4] ), using regression constants for individual compounds from Choi and Okos [9] or obtained in this work (compiled in Table 4 ) and the composition values presented in Table 1 . Cp values for foie gras (organ) predicted from the model are higher than those obtained from experiments. When compared both the predicted and experimental values, predicted values show an estimated error higher than 20%. The differences found between predicted and experimental values may be due to the sample of foie gras taken for experimental measurement for DSC was small (0.05 g), thus homogeneity of sample may not be representative of the whole product. Composition required to use in Eq. (4), on the other hand, has been determined in a bigger sample size. For the foie gras emulsion Cp values estimation, predicted and experimental values show an experimental error less than 7%. It can be inferred that the model proposed by Choi and Okos [9] can predict more precisely the values of specific heat for the foie gras emulsion. Unlike foie gras (organ), the emulsion is a homogeneous product, for which a small sample is representative of the entire product.
Thermal conductivity
Thermal conductivity values from 5 to 70°C for foie gras (organ and by-products) were determined experimentally, results shown in Fig. 5 . From these values, it can be concluded that thermal conductivity for the foie gras emulsion (Fig. 5a ) is slightly higher compared to that of the whole foie gras (Fig. 5b) , this is because thermal conductivity of foods increases proportionally as water content increases. [3] Poppendiek et al. [23] reported values of thermal conductivity for different [9] **Obtained in this work by polynomial regression for foie gras fat (Eq. [5] ).
animal tissues, where values of bovine and rabbit liver were 0.488 and 0.377 W m −1°C−1 , respectively, at 23°C, bovine liver has a greater thermal conductivity compared to that of foie gras but for rabbit liver k is closer to the values presented in this study (0.287 to 0.323 W m −1°C−1 at 18-20°C).
Difference in values can be related to higher amount of fat in foie gras than in other types of liver products. Pham and Willix [5] reported that thermal conductivity of lamb fat decreases at temperatures higher than ice melting point (from 0 to 40°C), as Turgut et al. [24] observed for vegetable oils between 20 and 80°C. In the present work, the same tendency was observed for foie gras and duck fats. Poppendiek et al. [23] presented values for bovine fat and other animal fat (source not specified), which were 0.230 and 0.190 W m −1°C−1 at 23°C, respectively. These measurements are comparable to those presented for the foie gras fat (0.172-0.195 W m −1°C−1 for 19.5-20.7°C) and duck fat (0.162-0.185 W m −1°C−1 at 20.5°C 21.8°C). Sweat [3] proposed constant values for thermal conductivity for meats and fats, as 0.46 and 0.18 W m −1°C−1 , respectively, which are close to the values obtained in this study. For temperatures lower than 15°C (when almost 50% of the fat has not yet melted); a higher value of thermal conductivity is noted, this could be explained because thermal conductivity of solids is higher with respect of that of the liquids. It can also be noted that at temperatures of 50°C or higher there is a linear tendency of this thermal property with temperature.
As a first attempt to model thermal conductivity data, both quadratic and linear regression relationships were obtained as a function of temperature from experimental data which are presented in Table 5 . The quadratic function for pure compounds (foie gras or duck fats) has been proposed to predict individual compound properties in the model given by Choi and Okos. [9] Thermal conductivity from foie gras and duck fat present a linear tendency with a slight negative slope meaning that the thermal conductivity for this products is very similar through the range of temperatures tested in this study. Table 5 . Thermal conductivity (W m −1°C−1 ) linear and quadratic models for foie gras and its by-products.
Product
Quadratic Linear foie gras fat foie gras (organ) Figure 5 . Thermal conductivity as a function of temperature, for A: duck fat and foie gras emulsion; B: foie gras fat and foie gras (organ).
The complete model proposed by Choi and Okos, [9] Eq. (4), was then used to predict thermal conductivity values from individual compounds at different temperatures for foie gras (organ and emulsion). For the individual foie gras fat equation, the quadratic relationship developed in this work (shown in Table 5 ) was used. Predictions using this model were calculated for foie gras organ and emulsion. A comparison between Choi and Okos [9] model and the quadratic and linear models proposed in Table 5 was also determined.
The model developed by Choi and Okos [9] based on composition of individual compounds does not predict thermal conductivity with great accuracy (% error from 2.4 to 16.0 for foie gras organ and 2.9 to 26.6 for foie gras emulsion), probably since product structure has a marked impact on heat transfer by conduction, which is not taken into account in this model. From calculations made by the regressions, it can also be noted that quadratic regression predicts better (%error from 0.5 to 11.9 for foie gras organ and 1.0 to 8.8 for foie gras emulsion) thermal conductivity of foie gras products than linear regression (% error from 0.8 to 13.4 for foie gras organ and 1.3 to 9.54 for foie gras emulsion). Thus, it can be concluded that for both foie gras products (organ and emulsion), the quadratic model proposed can be used to predict the thermal conductivity of the product, having a lower percentage error when compared to experimental data.
Thermal diffusivity (α)
Thermal diffusivity was calculated from experimental data with the following relationship: [3, 8, 10] α ¼ k ρC p
Results of these calculations at different temperatures and for the different foie gras products are shown in Table 6 . As shown with thermal conductivity results, thermal diffusivity of high fat foods is lower compared to water, having a value of 1.45 × 10 −7 m 2 s −1 at 50°C. [25] The values of duck fat are the lowest presented, it can be due to the composition of fatty acid presented in Table 2 , which differs in the unsaturated acid content of foie gras fat.
Conclusions
Thermal properties for different foie gras products were determined. Values for the specific heat at 65°C for the organ, emulsion, foie gras fat and duck fat were 1.79, 2.38, 1.71, and 2.48 J/g°C, respectively. Thermal conductivity of foie gras organ and the emulsion at 40°C were determined as 0.33 and 0.428 W/m°C, respectively. These values were almost double of those of duck and foie gras fats. The results generally show good agreement with published data for similar food types. Simple mathematical models for prediction of these properties as a function of temperature and/or composition were developed. The knowledge of thermal properties of foie gras products will allow a more precise mathematical prediction of sterilization times.
